Procedure for ligation step in round 1. A 25 µL sample containing 600 pmol of modified DNA pool, 700 pmol of DNA splint, and 800 pmol of amide substrate was annealed in 5 mM Tris, pH 7.5, 15 mM NaCl, and 0.1 mM EDTA by heating at 95 °C for 3 min and cooling on ice for 5 min. To this solution was added 3 µL of 10 T4 DNA ligase buffer and 2 µL of 5 U/µL T4 DNA ligase. The sample was incubated at 37 °C for 12 h and purified by 8% PAGE.
Procedure for ligation step in subsequent rounds. A 16 µL sample containing the modified DNA pool synthesized by primer extension (~5-10 pmol), 25 pmol of DNA splint, and 50 pmol of amide substrate was annealed in 5 mM Tris, pH 7.5, 15 mM NaCl, and 0.1 mM EDTA by heating at 95 °C for 3 min and cooling on ice for 5 min. To this solution was added 2 µL of 10 T4 DNA ligase buffer and 2 µL of 1 U/µL T4 DNA ligase. The sample was incubated at 37 °C for 12 h and purified by 8% PAGE.
Procedure for selection step in round 1. The selection experiment was initiated with 200 pmol of the ligated N 40 pool. A 20 µL sample containing 200 pmol of ligated N 40 pool was annealed in 5 mM HEPES, pH 7.5, 15 mM NaCl, and 0.1 mM EDTA by heating at 95 °C for 3 min and cooling on ice for 5 min. The selection reaction was initiated by bringing the sample to 40 µL total volume containing 70 mM HEPES, pH 7.5, 1 mM ZnCl 2 , 20 mM MnCl 2 , 40 mM MgCl 2 , and 150 mM NaCl. The Zn 2+ was added from a 10 stock solution containing 10 mM ZnCl 2 , 20 mM HNO 3 , and 200 mM HEPES at pH 7.5; this stock solution was freshly prepared from a 100 stock of 100 mM ZnCl 2 in 200 mM HNO 3 . The metal ion stocks were added last to the final sample. The sample was incubated at 37 °C for 14 h and precipitated with ethanol.
Procedure for selection step in subsequent rounds. A 10 µL sample containing ligated pool was annealed in 5 mM HEPES, pH 7.5, 15 mM NaCl, and 0.1 mM EDTA by heating at 95 °C for 3 min and cooling on ice for 5 min. The selection reaction was initiated by bringing the sample to 20 µL total volume containing 70 mM HEPES, pH 7.5, 1 mM ZnCl 2 , 20 mM MnCl 2 , 40 mM MgCl 2 , and 150 mM NaCl. The sample was incubated at 37 °C for 14 h and precipitated with ethanol.
Procedure for alkaline treatment in round 1 of HO dU selection. For the selection experiment that included HO dU, a brief alkaline treatment was performed between the selection and capture steps. This treatment accommodated the possibility that a hydroxyl group from a HO dU nucleotide could serve in place of water as the nucleophile, thereby leading to a macrolactone intermediate that would require subsequent hydrolysis to complete the cleavage process. The precipitated selection sample was dissolved in 45 µL of water, to which was added 5 µL of 500 mM NaOH (50 mM final NaOH concentration). The sample was incubated at room temperature for 30 min and precipitated with ethanol.
Procedure for alkaline treatment in subsequent rounds of HO dU selection. The precipitated selection sample was dissolved in 9 µL of water, to which was added 1 µL of 500 mM NaOH (50 mM final NaOH concentration). The sample was incubated at room temperature for 30 min and precipitated with ethanol.
Procedure for capture step in round 1. A 90 µL sample containing the selection product, 300 pmol of capture splint, and 500 pmol of 5-amino capture oligonucleotide was annealed in 100 mM MOPS, pH 7.0, and 1 M NaCl by heating at 95 °C for 3 min and cooling on ice for 5 min. The capture reaction was initiated by bringing the sample to 100 µL total volume containing 100 mM MOPS, pH 7.0, 1 M NaCl, 100 mM EDC, and 100 mM HOBt. The sample was incubated at room temperature for 15 h, precipitated with ethanol, and separated by 8% PAGE.
Procedure for capture step in subsequent rounds. A 22.5 µL sample containing the selection product, 30 pmol of capture splint, and 50 pmol of 5-amino capture oligonucleotide was annealed in 100 mM MOPS, pH 7.0, and 1 M NaCl by heating at 95 °C for 3 min and cooling on ice for 5 min. The capture reaction was initiated by bringing the sample to 25 µL total volume containing 100 mM MOPS, pH 7.0, 1 M NaCl, 50 mM EDC, and 50 mM HOBt. The sample was incubated at room temperature for 15 h and loaded directly on 8% PAGE. In parallel, during each round a standard capture reaction was performed using the N 40 pool ligated to the hydrolysis product. The yield is shown as "control" in Figure S2 . The PAGE position of this standard capture product was used as a reference to excise the capture product for the selection sample.
Procedure for PCR. In each selection round, two PCR reactions were performed, 10-cycle PCR followed by 30-cycle PCR. First, a 100 µL sample was prepared containing the PAGE-purified capture product, 50 pmol of forward primer, 200 pmol of reverse primer, 20 nmol of each dNTP, and 10 µL of 10 KOD XL polymerase buffer, and 2 µL of 2.5 U/µL KOD XL polymerase. This sample was primerextended and then cycled 10 times according to the following PCR program: 94 °C for 2 min, 47 °C for 2 min, 72 °C for 30 min; then 94 °C for 2 min, 10 (94 °C for 1 min, 47 °C for 1 min, 72 °C for 1 min), 72 °C for 5 min. KOD XL polymerase was removed by phenol/chloroform extraction. Second, a 50 µL sample was prepared containing 1 µL of the 10-cycle PCR product, 25 pmol of forward primer, 100 pmol of reverse primer, 10 nmol of each dNTP, 20 µCi of -32 P-dCTP (800 Ci/mmol), and 5 µL of 10 Taq polymerase buffer (no modified nucleotides are being incorporated). This sample was cycled 30 times according to the following PCR program: 94 °C for 2 min, 30 (94 °C for 30 s, 47 °C for 30 s, 72 °C for 30 s), 72 °C for 5 min. The sample was separated by 8% PAGE, and the reverse-complement single strand was isolated for subsequent primer extension. The forward and reverse single-stranded PCR products were separable because formation of the reverse product was initiated using the reverse primer, which contains a nonamplifiable spacer that stops Taq polymerase.
Procedure for primer extension. A 25 µL sample was prepared containing the reverse-complement single strand (which contains a nonamplifiable spacer that stops KOD XL polymerase), 50 pmol of forward primer, 7.5 nmol each of dATP, dGTP, dCTP, and modified X dUTP (X = Am, COOH, HO), 20 µCi of -32 P-dCTP (800 Ci/mmol), 2.5 µL of 10 KOD XL polymerase buffer, and 0.5 µL of 2.5 U/µL KOD XL polymerase. Primer extension was performed in a PCR thermocycler according to the following program: 94 °C for 2 min, 47 °C for 2 min, 72 °C for 1 h. The sample was separated by 8% PAGE to provide the modified DNA pool for the next selection round.
Procedure for cloning and initial screening. Using 1 µL of a 1:1000 dilution of the 10-cycle PCR product from the relevant selection round, 30-cycle PCR was performed using the same procedure as described, omitting -32 P-dCTP and using primers 5-CGAAGTCGCCATCTCTTC-3 (forward primer, 25 pmol) and 5-TAATTAATTAATTACCCATCAGGATCAGCT-3 (reverse primer, 25 pmol), where the extensions with TAA stop codons in each frame were included to suppress false negatives in blue-white screening.
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The PCR product was purified on 2% agarose and cloned using a TOPO TA cloning kit (Invitrogen). Miniprep DNA samples derived from individual E. coli colonies were assayed by digestion with EcoRI to ascertain the presence of the expected inserts. Using the miniprep DNA samples, PCR (same conditions as 30-cycle PCR during selection) was performed to synthesize the reverse-complement templates for the subsequent primer extension reactions. For primer extension, 25 µL samples were prepared, each containing a reverse-complement template, 100 pmol of forward primer, 5.0 nmol each of dATP, dGTP, dCTP, and modified X dUTP (X = Am, COOH, HO), 2 µCi of -32 P-dCTP (800 Ci/mmol), 2.5 µL of 10 KOD XL polymerase buffer, and 0.5 µL of 2.5 U/µL KOD XL polymerase. Primer extension was performed in a PCR thermocycler according to the following program: 94 °C for 2 min, 4 (94 °C for 2 min, 47 °C for 2 min, 72 °C for 1 h), 72 °C for 1 h. The samples were separated by 8% PAGE to provide the modified deoxyribozymes. The concentration of each PAGE-purified deoxyribozyme strand was estimated from the radioactive intensity relative to suitable standards. Each screening assay used ~0.1 pmol of 5-32 P-radiolabeled amide substrate and at least 10 pmol of deoxyribozyme in the single-turnover assay procedure described in a subsequent section of this document. Figure S4 2-Chloro-1,3,2-benzodioxaphosphorin-4-one (TCI, cat. no. C1210) was portioned into a dried vial in a glove box. 2-Deoxyuridine and tributylammonium pyrophosphate (Sigma, cat. no. P8533) were dried under vacuum. Tributylamine was dried over 4 Å molecular sieves. Tributylamine (0.65 mL, 2.74 mmol) was added to a solution of tributylammonium pyrophosphate (188 mg, 0.34 mmol) dissolved in 1 mL of anhydrous DMF under argon. This solution was added into a stirred solution of 2-chloro-1,3,2-benzodioxaphosphorin-4-one (50 mg, 0.25 mmol) in 1 mL of anhydrous DMF under argon. The resulting solution was stirred at room temperature for 1 h and then added dropwise over 5 min to a solution of 2-deoxyuridine (50 mg, 0.16 mmol) in 1 mL of anhydrous DMF under argon, cooled in an ice-salt bath at 0 to -10 °C. The solution was stirred for 5 h and raised to room temperature for 30 min. A solution of 0.02 M iodine in THF/pyridine/water (Glen Research, 8 mL) was added until a permanent brown color was maintained. The brown solution was stirred at room temperature for 30 min. Two sample volumes of water were added. The two-layer mixture was stirred vigorously at room temperature for 1.5 h, followed by addition of 0.1 volumes of 3 M NaCl and 3 volumes of ethanol. The thoroughly mixed sample was precipitated at -80 °C overnight and centrifuged for 30 min at 10,000  g and 4 °C. The precipitated sample of COOMe dUTP was dried, dissolved in water, and purified by HPLC [Shimdazu Prominence instrument; Phenomenex Gemini-NX C 18 column, 5 µm, 10  250 mm; gradient of 0.5% solvent A (20 mM triethylammonium acetate in 50% acetonitrile/50% water, pH 7.0) and 99.5% solvent B (20 mM triethylammonium acetate in water, pH 7.0) at 0 min to 25% solvent A and 75% solvent B at 45 min with flow rate of 3.5 mL/min]. To a solution of the COOMe dUTP in 50 µL of water was added 50 µL of 0.2 M NaOH, forming COOH dUTP. The sample was incubated at room temperature for 2 h, neutralized with 10 µL of 2.5 M NaOAc buffer, pH 5.2, and purified by HPLC (same gradient as before). The 
